Abstract Six hundred and one symptomatic potato samples were collected from nine provinces in Iran. Screening by double-antibody sandwich enzyme linked immunosorbent assay using a potato virus X (PVX) together with a few potyviruses polyclonal antibodies, produced positive reactions in 4.3 % of samples against PVX. Based on symptoms on different test plant, the isolates were divided into two groups: the first groups causing blistering and malformation of leaves and the second showed mild mosaic and vein clearing in Nicotiana glutinosa. The almost complete nucleotide sequence of two isolates as a representative of severe and a mild isolates were determined. Genomes of two PVX Iranian isolates are identical to that of the most PVX isolates comprise 6435 nucleotides in length excluding 101 nucleotide in the 5 0 end of the genome and shares 94.8-96.7 % identities with European and Asian, and 77-96.1 % with American isolates. Furthermore, the 3 0 -terminal sequences, including the coat protein coding region of other 13 Iranian isolates were determined and compared with the GenBank sequences. Phylogenetic analysis of the cp gene of 13 Iranian isolates together all those available in public databases indicated that the 13 Iranian isolates all belong to low diversity clade I.
Introduction
Potato virus X (PVX) is the type species of the family Alphaflexiviridae (Genus Potexvirus) and its virons are flexuous filaments. The 5 0 end has a methylguanosine cap whereas the 3 0 end has a poly (A) tail [17] . PVX is primarily mechanically transmitted (e.g. plant to plant contact, seed graders and cutters etc.) [1] . PVX has a ssRNA genome of approximately 6,435 nt in length which encodes five open reading frames (ORFs). ORF 1 encodes the RNA-dependent RNA polymerase (RdRp; 166 kDa), which is required for replication and the production of three subgenomic RNAs. ORFs 2-4 are known as the triple gene block (TGB), encoding three polypeptides of 25, 12, and 8 kDa, respectively and are involved in viral movement [16, 24] . The TGB proteins are highly conserved in members of the genera Potexvirus, Hordeivirus, Benyvirus and Carlavirus [6, 15, 23] . ORF5 encodes the capsid protein (CP) with an estimated molecular mass of 25 kDa and plays an significant role in cell-to-cell movement of PVX particles and translational regulation of the PVX RNA genome [10, 14] . The CP gene is widely used for identification and classification of PVX isolates [3, 25, 26] .
PVX is one of the several viruses causing diseases in commercially important potato cultivars with yield reduction of between 10 and 50 % in certain potato cultivars and varieties [1, 9] . In general, potyviruses such as Potato virus Y (PVY), Potato virus A (PVA), Tobacco vein mottling virus (TVMV) and Tobacco etch virus (TEV) are found coinfecting with PVX in various solanaceous plants [8, 12, 25] and show synergistic disease.
Currently only 25 complete genomes of PVX and 157 sequences of the CP gene are available in public databases. Interestingly, despite the global distribution of PVX with significant crop losses, there is limited information on diversity of PVX in Iran and how these isolates relate to those found in other parts of the world. Esfandiari et al. [5] have identified and characterized the only genome of PVX from Iran (GenBak Acc. no. FJ461343) isolated from Pisum sativum. Given the limited knowledge of PVX in Iran, we undertook a large survey, characterized two near complete genomes and 13 CP sequences of PVX from various regions of Iran. We also determined the host range of some of these PVX isolates in green house experiments.
Materials and methods

Collection and maintenance of virus isolates
Six hundred and one potato plants showing symptoms were sampled between January 2009 and July 2012 from potato fields in Kerman, Fars, Northern Khorasan, Hamedan, Esfahan, East Azerbaijan, West Azerbaijan, Hormozgan and Ardebil provinces. Leaf samples were tested by the double antibody sandwich enzyme-linked immunosorbent assay (DAS-ELISA) [2] for the presence of PVX and other potyviruses i.e. (PVY, PVA and Potato virus V; PVV). Antisera and the positive controls for these assays were sourced from Bioreba (CH-4153 Reinach BL1, Switzerland). Positive and negative controls were included in all tests in each PVX and potyviruses identification assay.
Thirteen PVX positive samples (Table 1) were selected based on geographical location and the PVX isolates from these samples were biologically purified and cloned by three local lesion passages in Gompherena globosa L. and one systemic infection on Nicotiana glutinosa L. All PVX isolates for biological and molecular studies were maintained on N. glutinosa L. in a temperature regulated insectproof greenhouse. The isolates were named according to the abbreviated name of provinces and sampling regions, and assigned a specific number (see Table 1 for details).
Biological characterization of the PVX isolates
Thirteen isolates propagated on N. glutinosa were characterized biologically by symptomology based on inoculations of a variety of range of test plants. These samples were ground in 1 % (w/v) solution of K 2 HPO 4 at pH 7.5 containing 0.01 % Na 2 SO 3 , 0.05 % ethylene diamine tetra acetic acid (EDTA) and 2 % poly vinyl pyrrolidone (PVP, MW = 40,000) and the extracts were then mechanically inoculated in triplicate onto the 11 plant species belonging in three families (Table 2 ). Inoculated test plants were maintained in a greenhouse at 25°to 28°C. Two weeks later the presence of PVX was checked by ELISA and symptomology in inoculated plants.
RNA isolation and RT-PCR
Thirteen PVX isolates were mechanically inoculated to young tobacco plants (N. glutinosa). Total RNA was extracted from infected leaves of thirteen Nicotiana glutinosa plants mechanically inoculated with PVX isolates using High Pure Viral Nucleic Acid Kit (Roche Diagnostics GmbH, Germany). First-strand cDNA synthesis was performed using Moloney Murine leukaemia virus (MMLV) reverse transcriptase as described as previously by Sharifi et al. [22] . The resulting viral cDNAs were used for consecutive PCR reaction with appropriate primers (based on GenBank sequences; AB056718 and M95516) to amplify 9 overlapping fragments spanning the entire genome of two PVX isolates ( Supplementary Fig. 1 ). The following thermal cycling conditions were used: an initial denaturation at 94°C for 3 min, followed by 40 cycles of denaturation at 94°C for 60 s, annealing at appropriate temperatures for 30 s, and extension at 70°C for 60 s, and a final 10 min extension at 72°C. The 3 0 terminus of the PVX sequence was determined using a 3 0 RACE kit (Roche, USA) according to the manufacturer's instructions. In all tests positive and negative control were used.
Additionally, a primer pair (PVX-8F and PVX -7R, Supplementary Fig. 1 ) was designed to amplify a 714 bp amplicon for cp gene of thirteen PVX Iranian isolates (Table 1) collected from different regions in Iran and maintained by inoculations in N. glutinosa. Amplification of CP regions of Iranian PVX isolates was performed with the following thermal cycling conditions: initial denaturation for 3 min at 94°C, followed by 30 cycles of denaturation for 60 s at 92°C, annealing at primer optimized temperatures for 60 s at 50°C, extension at 72°C for 60 s and final extension at 72°C for 5 min.
Molecular cloning and sequence analysis
The PCR amplicons including fragments of the genome encoding the CP gene of the 13 Iranian PVX isolate and nine overlapping fragment amplicons, spanning the entire genome of two Iranian isolates were cloned into a pTZ57R/ T vector (Thermo Fisher, USA) and transformed into Escherichia coli strain DH5a. Recombinant plasmids were extracted and Sanger sequenced at MacrogenInc. (Korea).
Sequence contigs were assembled using DNAMAN version 7 (Lynnon, Biosoft, Quebec, Canada).
PVX sequences (CP and full genome) were aligned with all sequences available in GenBank using MUSCLE [4] . The resulting alignments were used to infer maximum likelihood phylogenetic trees using PHYML [7] with GTR?I?G4 and TN93?I?G model of nucleotide substitution chosen as the best fit model by j Model Test [19] for cp dataset and full genome datasets respectively with 1,000 bootstrap replicates. Both the full genome and cp dataset trees were midpoint rooted and braches with less than 60 % bootstrap support were collapsed. Nucleotide pairwise sequence identity was calculated using SDT v1.0 [18] .
Results
Survey for virus identification
Of the 601 symptomatic potato leaf samples tested by DAS-ELISA, 25 (4.2 %) tested positive for PVX. Additionally, 260 samples (43.3 % incidence) tested positive for PVY, 185 (30.8 %) for PVA and 16 (2.7 %) for PVV. The symptoms observed ranged from mild to severe mosaic, mottling, leaf malformation, and yellowing in the infected samples. Co-infections with two potyviruses were detected in 29.5 % (177/601) of the samples that tested positive by ELISA. Of these co-infected sampled, 130 (21.6 %) were infected with PVY and PVA. PVY ? PVV and PVY ? PVX co-infection combinations were found in 4.9 and 14.2 % of the collected samples, respectively. Triple infections involving combination of PVY ? PVA ? PVV and PVY ? PVA ? PVX were detected in 8 and 3 samples, respectively. Fig. 1 Maximum likelihood phylogenetic tree of the full genomes of PVX isolates and a two dimensional pairwise sequence identity colour plot of the isolates. The PVX isolates form two distinct clades (I and II). Clade I has low diversity and isolates from Europe, Asia, North America and the middle east whereas Clade II has more divergent isolates and all these are from South America. Branches with \59 % bootstrap support have been collapsed. The pairwise comparisons were performed using SDT v1.0 [19] . (Color figure online) distinct regions in Iran, the southwest (provinces of West Azerbaijan, East Azerbaijan and Ardabil), centre (province of Esfahan), northeast (Khorasan province) and southeast (provinces of Kerman and Fars) ( Table 1) .
Pairwise sequence analysis of the cp genes of the Iranian isolates indicate that they share [94.7 % nucleotide pairwise identity and [97 % amino acid pairwise identity. The 'AFDF' motif (161-164 aa) identified by Komatsu et al. [13] that is specific to filamentous plant virus CPs, is conserved in CP of all 13 Iranian isolates. Maximum likelihood phylogenetic analysis shows two clear clades of PVX (Fig. 2) . The isolates in the clade with the largest number of cp gene sequences share [91.7 % pairwise identity and all Iranian isolates fall within this clade. The second clade has cp genes sequences from isolates of only America and Europe and has greater diversity (sharing [80.1 % pairwise identity; data not shown).
Discussion
PVX in Iran has previously been detected using serological assays [11, 20] , however, there is limited information on PVX variants/genotypes at a molecular level. The only Fig. 2 Maximum likelihood phylogenetic tree of the cp gene sequences of PVX isolates from sampled around the world. The cp sequences cluster into two main clades. Clade I has cp sequences of isolates from Africa, Australia, Europe, Asia, North America and the Middle East and show less sequence diversity that Clade II cp sequence of isolates from Europe, North America and South America. Branches with \59 % bootstrap support have been collapsed molecular characterisation of PVX in Iran is from an isolate from P. sativum [5] . As part of this study we decided to sequence two complete PVX genomes that showed severe (KER.LA.2) and mild (KER.ZA.1) symptoms in infected plants and analysis of the molecular diversity of the CP gene of 13 isolates from various locations in Iran.
Maximum likelihood phylogenetic analysis of the full PVX genomes shows that the PVX isolates form two distinct clades (I and II). The Iranian isolates are part of clade I with clade II representing isolates from South America. Interestingly, the two isolates (PVX 2.7 and PVX 2.7b) from U.S.A are part of clade I and hence clearly indicates that the isolates from North America are distinct from those in the southern America contradicting the previous suggestion of two distinct lineages of PVX, Eurasia and America [3, 13, 25, 26] .
The five coding regions (RdRP, TGBp1, TGBp2, TGBp3 and CP) of complete genome sequences of the 27 PVX isolates were used in genetic diversity analysis to estimate genetic variability on different coding regions (data not shown). According to the results of this study and those of Yu et al. [25, 26] different selection pressure is operating on different genes of PVX, and the ORF encoding RdRp is under the highest selection pressure. Therefore, the RdRp ORF of 27 PVX complete genome were further divided into three parts as described by Yu et al. [26] and their dN/dS values separately were calculated. Unlike previous studies by Yu et al., 2010 our results indicated the dN/dS values for three parts of genome were \1, despite the fact that RdRp-B was higher than RdRp-A and RdRp-C. This indicted 5 0 -termini, central and 3 0 -termini of RdRp are under negative selection.
PVX strains based on amino acid sequence of CP, amino acid sequence length and their ability to overcome resistance conferred by three potato resistant gene (Nx, Nb and Rx1) have been previously classified in two type X and B [21] . All of the strains that were avirulent on potato cultivars carrying the Nx resistant gene and including 237 amino acids in length were found to have type X coat proteins. Whereas, PVX strains that are capable of overcoming the Nx resistant gene and were 236-248 amino acid in length were classified as type B CPs. In addition, K at position 20, A at 64, and M at 128 and T at 227 were conserved in the coat protein of all isolates in type X coat proteins. The aligmenment of amino acid sequence of CP of PVX isolates indicated that all 13 Iranian isolates can be classified as having type X CPs.
In this study we analysed the genetic diversity of PVX isolates from around the world and compare them to those determined in this study from Iran. We determine the full genome sequence of two PVX isolates and cp gene sequences of 13 isolates from Iran. Despite the fact that the two Iranian isolates caused severe (KER.LA.2) and mild (KER.ZA.1) symptoms in infected test plants, the isolates shared 96.2 % genome-wide pairwise identity. We were not able to identify any relationship between the sequence variation and the symptom observed. Hence there is a clear need for further studies to identify the genomic region of the Iranian PVX responsible for this variation in symptoms. The Iranian isolates are most closely related to the isolates in clade I which show very low diversity (\6 %). It is interesting to note that the analysis of the cp gene sequences reveals that there is far greater diversity in the Clade II isolates which are primarily from America and Europe.
